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Introduction
The sheer abundance of cyanophages and their inextricable relationship with their bacterial hosts has put them at the forefront of marine microbiology research (Suttle, 2007) . Phages play key environmental roles in biogeochemical cycling, genetic diversity and bacterial evolution through lateral gene transfer (Suttle, 2005) . It is also becoming increasingly apparent that they can influence host physiology (Lindell et al., 2005; 2007; Clokie and Mann, 2006; Dammeyer et al., 2008; Thompson et al., 2011) , most notably through the discovery of photosynthesis-related genes in phages that infect the marine picocyanobacteria Synechococcus and Prochlorococcus spp. (Mann et al., 2003; Lindell et al., 2004; Millard et al., 2004) . Acaryochloris is a widely distributed, niche unicellular marine cyanobacteria, known for its main photosynthetic pigment being chlorophyll d (Miyashita et al., 1996; Larkum and Kuhl, 2005; Kashiyama et al., 2008) , and this is the first report of genomes of Acaryochloris phages.
To date, 58 cyanophages have complete genomes deposited in the NCBI database, of which six (S-CBS1, S-CBS2, S-CBS3, S-CBS4, P-SS2 and KBS2A) are published siphoviruses (Wang and Chen, 2008; Sullivan et al., 2009; Huang et al., 2012; Ponsero et al., 2013) . It is no coincidence that our ability to understand bacterial-phage systems has progressed concurrently with advancements in sequencing technologies and the availability of genomic resources. Of particular relevance to this study is that the genomes of Acaryochloris spp. (Swingley et al., 2008; Miller et al., 2011) and the cyanophage Synechococcus myovirus S-TIM5 recently became available (Sabehi et al., 2012) , facilitating genomic comparisons with the phages isolated in this study.
Here then, we characterize two siphoviruses, A-HIS1 and A-HIS2, which infect Acaryochloris marina strain MBIC11017 (Miyashita et al., 1996; Larkum and Kuhl, 2005) . We include morphological analysis, complete genome sequencing and proteomic analysis of each phage. A-HIS1 and A-HIS2 are the first sequenced phages of Acaryochloris spp., or indeed of any cyanobacterium that lives either symbiotically with or as an epibiont in biofilms on metazoans. In particular, we show that S-TIM5 and the Acaryochloris phages share certain genes, including the novel mitochondrial-like DNA polymerase, which we have previously described (Chan et al., 2011) . We describe the presence of host CRISPR spacer-like sequences in these phages (only previously reported in thermophilic Synechococcus spp. originating from hot springs in Yellowstone National Park; Heidelberg et al., 2009) , and show that while these Acaryochloris phages share many similarities and a common ancestor, the nucleotide and amino acid identity of their shared genes indicates that these phages have diverged from each other and should therefore be considered distinct from each other. Given these phages also contain many novel genes, they are an important addition to the growing genomic databases of phages not only as a resource for gene identification in other phages (or organisms), but also as a definitive reminder of the sheer genetic diversity that remains undiscovered in the oceans.
Results

Identification of phages A-HIS1 and A-HIS2
The cyanophages A-HIS1 and A-HIS2 isolated from the reef waters off Heron Island, Australia (Chan et al., 2011) , were grouped with the family Siphoviridae of phages based on their morphology observed using transmission electron microscopy (TEM) since they have icosahedral capsid heads and long non-contractile tails ( Fig. 1A and  B ). The capsids of both phages were ∼ 60 nm in width, while the tail of A-HIS2 was ∼ 179 nm compared with that of A-HIS1, which was ∼ 124 nm.
Effect of phages on Acaryochloris bacterial lawn development
Phages A-HIS1 and A-HIS2 formed clear circular plaques on agarose-based bacterial lawns of A. marina MBIC11017 (Fig. 1C and D) . Confluent lysis of A. marina MBIC11017 lawns infected with either phage A-HIS1 or A-HIS2 was followed 1-2 months later by the development of spontaneous mutants producing dense colony growth ( Fig. 1E ). Subsequently, these spontaneous phage-resistant mutants of A. marina MBIC11017 were clonally isolated, and well assays showed them to be resistant to both phages A-HIS1 and A-HIS2.
Replication parameters of phages A-HIS1 and A-HIS2
One-step growth experiments were performed on both phages using an MOI (multiplicity of infection or phage : bacteria ratio) of 0.1 (n = 3, Fig. S1 ). The latent period (time from infection to lysis) was 5 h for both phages. The eclipse period (time for the first new viable phage to appear in the host after infection) for both phages was 3.25 h. There were differences in average burst sizes, with A-HIS1 having a burst size of ∼ 6 (± 5) compared with ∼ 25 (± 22) for A-HIS2, calculated by averaging the number of free phage per infected cell at 8 h and 10 h for both phages. These data showed there was large biological variation among the replicates.
Adsorption of phages to wild-type and phage-resistant Acaryochloris
Both phages A-HIS1 and A-HIS2 adsorbed to the host MBIC11017 after 5 min, with only ∼ 10% and ∼ 1% of unadsorbed phages remaining in the supernatant respectively ( Fig. S2 ). Between 1 h and 3 h, a ∼ 54% increase of unadsorbed A-HIS2 phage was observed compared with a ∼ 42% increase of unadsorbed A-HIS1 phage. The same adsorption experiment was carried out with phages A-HIS1 and A-HIS2 against the phage-resistant strains A-HIS1R1 ( Fig. S2B ) and A-HIS2R1 ( Fig. S2C ), which resulted in adsorption of these phages to the resistant strains ( Fig. S2 ), thus suggesting that the resistance was a result of a mechanism that was not receptor-based.
Bacteriophage genomes
The genome sizes of A-HIS1 and A-HIS2 are 55 653 bp and 57 391 bp respectively (Fig. 2) . The phages have a similar average molecular G+C content of 47.1% and 47.2%, respectively, which is close to the average molecular G+C content of the A. marina MBIC11017 host strain at 47.0% (Swingley et al., 2008) .
GENEMARK predicted 83 ORFs for each phage, and GLIMMER predicted 93 and 104 ORFs for A-HIS1 and A-HIS2 respectively. By analysing these two sets of predicted ORFs, 95 and 104 putative ORFs were assigned to A-HIS1 and A-HIS2 respectively. All ORFs were subjected to BLASTP analysis against the nr database in July 2012 (summarized in Table 1A and 1B). This analysis allowed 16% of A-HIS1 ORFs and 13% of A-HIS2 ORFs to be assigned a putative function. Iterative psi-BLAST analysis Comparative genome map of A-HIS1 versus A-HIS2. Predicted ORFs are coloured according to the homology group of the Acaryochloris phage genes: purple, phage; pink, bacterial; blue, eukaryotic. Hypothetical ORFs are coloured in black where no annotation has been assigned based on database analyses. Grey lines represent matches using TBLASTX and the corresponding key denotes the associated e-values. A scale is included in kilobases. All ORFs shown encode predicted proteins. VSP indicates a virion structural protein, which was identified by mass spectrometry. (VSP) denotes an ORF categorized as a putative A-HIS1 structural protein based on amino acid sequence similarity to a corresponding ORF in A-HIS2 identified as a putative VSP by mass spectrometry and vice versa. (MS) denotes an ORF, which was identified by both BLASTP and mass spectrometry. See Table 1A and B for ORF details. did not yield any further information. In addition, no pseudogenes or tRNAs were identified. A-HIS1 and A-HIS2 are similar in their relative genomic architecture. This synteny is clearly visualized in a comparative genome plot in terms of the genes, which they both encode and the relative positions of those genes (Fig. 2 ). However, while there is synteny between the common genes of the Acaryochloris phages, the genes are considerably different at the nucleotide level, ranging from 45% to 67% identity (Table 2 ).
In addition, the genomes can roughly be divided into three regions based on the distribution of the predicted ORFs on the two DNA strands (Fig. 2) ; namely, we define regions 1, 2 and 3 as ∼ 1.5-22 kb, ∼ 22-42 kb and ∼ 42-1.5 kb (i.e. including the terminase large subunit in region 3). Genes involved in DNA replication, metabolism and modification are encoded mainly in region 1 for both phages, with the exception of ORF (open reading frame) 38 in A-HIS1, which codes for a DNA methylase and is found in region 2. Structural proteins are encoded in regions 2 and 3, including those identified by mass spectrometry, which are referred to here as virion structural proteins (VSPs).
Proteobacterial ribonuclease T
Both phage genomes contain a putative bacterial DEDDh family RNase T, which shares 47% identity at the amino acid level (Table 2) . RNase T has never previously been found in a phage genome. In particular, the occurrence of RNase T genes is clearly restricted to the proteobacteria, where it plays a role in the modification of tRNAs (Condon and Putzer, 2002) , and therefore may potentially modify RNA species during phage infection. Top BLASTP hits of A-HIS1 and A-HIS2 RNase T were found against γ-Proteobacterial RNase T proteins (Table 1A and B). We performed a phylogenetic analysis to determine how the novel phage RNase T was related to other DEDD family proteins based on an analysis of exoribonuclease superfamilies by Zuo and Deutscher (2001) . A phylogenetic network analysis of DEDD family proteins showed that the phage RNase T homologues fell closer to the other DEDD family proteins than to the RNase T clade (Fig. S3 ). However, as can be clearly seen, there are many possible trees highlighted by the netted region at the centre of the network. Interestingly, almost all the environmental sequences fell within the RNase T clade. Clearly, the phage RNase T and those of the α/γ-Proteobacteria share ancestry; however, the origins of the phage homologues remain unknown.
Phage structural proteins
Only two VSPs were identified by BLASTP analysis in each phage: a minor head protein and a tape measure protein.
A further seven and nine ORFs were identified by mass spectrometry as VSPs for A-HIS1 and A-HIS2, respectively, which included each phage tape measure protein ( Fig. 3 and Table S1 ). The observed protein sizes from SDS-PAGE correlated well with the predicted molecular weights. A further three ORFs (A-HIS1 ORFs 37 and 63 and A-HIS2 ORF 101) were then assigned as VSPs by virtue of their percent identity to homologous ORFs in the other genome, previously identified as VSPs by mass spectrometry (Table 2 ). In total, the combination of mass spectrometry, BLASTP analyses and ORF comparisons allowed 23 ORFs from each phage to be assigned a putative function (Table 1A and B).
SDS-PAGE analysis showed protein lanes to be always dominated by one particular protein band for each phage, around 38 kDa in size, which corresponded to ORFs 73 and 82 of A-HIS1 and A-HIS2, respectively ( Fig. 3 and Table S1 ). ORFs 73 and 82 were also repeatedly identified by mass spectrometry in other protein bands on the gel. It has been well-documented that the major capsid protein in siphoviruses have a much higher copy number than the major tail protein. Specifically, coliphage T5 has 480 head copies to 190 tail copies, with the major capsid making up 57% of the total protein in a phage compared with the tail, which makes up 19% (Buchwald et al., 1970) . For T5, Zweig and Cummings reported 65% for the head and 17% for the tail as a percentage of total protein in a T5 phage (Zweig and Cummings, 1973) . This led us to conclude that these ORFs are the putative major capsid of phages A-HIS1 and A-HIS2 respectively.
A-HIS1 ORF 95 has been annotated as a putative tail fibre protein based on a BLASTP analysis, which revealed similarity to an immunoglobulin I-set domain protein.
Recently, Fraser and colleagues (2006) found that Ig-like domains are present in many dsDNA phage structural proteins, and that these protein domains are likely to be on the outside of the phage (Barr et al., 2013) . A-HIS2 ORF 103 was similarly annotated as a putative tail fibre protein based on its similarity to A-HIS1 ORF 95 (Table 1A and B).
Phage replication
We have previously reported that these phages encode a full-length family A DNA polymerase γ similar to mitochondrial DNA polymerase (Chan et al., 2011) . Both phages also encode a putative flap endonuclease or FEN (Harrington and Lieber, 1994; Allen et al., 2009) , which are found in viruses and all domains of life and are essential for DNA replication. The phage FENs are similar to eubacterial FENs characterized by the three aspartate residues required for metal-binding. Other ORFs encoded by both phages involved in nucleic acid modification are a putative DNA primase and DNA methylase. Genes associated with phage replication occur in regions 2 and 3 (Fig. 2) . This includes a carboxypeptidase and a deoxynucleoside kinase (dNK), which are associated with protein maturation and DNA synthesis respectively (Alberts et al., 2002; Eriksson et al., 2002) . The protease encodes two conserved domains: a C39 peptidase domain associated with the processing of bacteriocins and a family 19 chitinase domain. Each phage also contains a terminase, which is involved in the packaging of DNA into the virion heads (Catalano, 2000) .
Putative regulatory elements
Using PHIRE (Lavigne et al., 2004) , a conserved sequence element was detected 10 times across the A-HIS2 genome, each between 19 bp and 27 bp upstream from the start codon of a predicted ORF (Fig.  S4) . The nucleotide sequence 5′-TDACCHNAKGTTACA NBDYGAGGTATTYHY-3′ was designated P 1 (consensus among the 10 putative sequences in bold). Notably, there are two highly conserved regions in this sequence (underlined), which are 4 bp apart in all versions of the sequence. The sequence motif extends a further 6 bp upstream of the P 1 region for ORFs 73, 79 and 83 at the 5′ end of P 1 . The conservation among the P 1 elements and their location exclusively in intergenic spacers points to their possible role in transcriptional control, e.g. as a transcription factor binding site. The nucleotide sequence 5′-GGGGGTP 1 -3′ was designated P 2 . Both P 1 and P 2 were not found in any of the upstream regions of the predicted A-HIS1 ORFs. Six out of the 10 P 1 and P 2 elements occurred upstream of putative VSPs identified by mass spectrometry (ORFs 55, 57, 73, 83, 85 and 87, the tape measure protein). Interestingly, these motifs also occurred upstream of ORFs 97 and 103, which code for a carboxypeptidase and putative tail fibre protein respectively. Additionally, using ELPH one instance of a putative −10 and −35 promoter region in A-HIS1 was identified at positions complement(4891..4896) and complement(4914..4919) 18 bp upstream of ORF 11, with the optimal separation of 17 bases (as identified for the major class of Escherichia coli promoters; Alberts et al., 2002) . The predicted P 1 and P 2 elements are unique to A-HIS2, indicating that the corresponding genes are probably expressed together during the replication cycle.
CRISPRs
Small CRISPR RNAs have been shown to guide antiviral defence in bacteria (Brouns et al., 2008) . In the Acaryochloris chromosome, one CRISPR with three spacers (referred to here as SP1, SP2 and SP3) was found in the CRISPR database along with two putative CRISPRs, one in each of plasmids pREB7 and pREB8, with just one spacer each -SP4 and SP5 respectively (Grissa et al., 2007a) . BLAST analysis using the spacer sequences against the A-HIS1 and A-HIS2 phage genomes gave three and seven partial matches respectively (Table S2) .
Genome comparisons between the phage and cyanobacterial genomes
BLASTP analyses indicated the Acaryochloris phages have four shared ORFs, which have homologues in the Synechococcus myovirus S-TIM5. In particular, A-HIS1/2 ORF 14/20 (mitochondrial DNA polymerase), ORF 16/22 (putative DNA primase), ORF 28/33 (hypothetical protein) and ORF 30/35 (putative DNA polI-like FEN) had 31/33%, 27/25%, 23/26% and 29/32% identity to S-TIM5 hypothetical proteins, ORFs 76, 159, 139 and 157, respectively.
A reciprocal BLASTP approach was used to compare the predicted ORFs from each A. marina phage to find the number of shared genes between the two phages. The phages A-HIS1 and A-HIS2 share 48 such genes (Table 2) . BLASTP against the Acaryochloris spp. genomes showed that only ORF 59 from A-HIS2 had a significant hit (e-value 4e-08) to Acaryochloris spp. hypothetical proteins MBIC11017 AM1_2888 and CCMEE5410 ACCM5_19468. This lone result suggests that lateral gene transfer between phages A-HIS1 and A-HIS2 and the host strain MBIC11017 has occurred infrequently. It is also worth noting that we were only able to classify five genes per phage as bacterial homologues (bacteria refers to bacteria in general) (Fig. 2, pink) .
Discussion
A-HIS1 and A-HIS2 are the first Acaryochloris phages to be isolated and characterized. Transmission electron microscopy allowed us to classify these phages morphologically as siphoviruses. Notably, marine cyanobacterial siphoviral isolates are rare in the literature; siphoviruses infecting Synechococcus spp. include P1 (Lu et al., 2001) , S-BBS1 (Suttle and Chan, 1993) , S-CBS1, S-CBS2, S-CBS3, S-CBS4 (Wang and Chen, 2008) and KBS2A, and P-SS1 and P-SS2 infect Prochlorococcus sp. (Sullivan et al., 2003) , of which S-CBS1, S-CBS2, S-CBS3, S-CBS4, P-SS2 and KBS2A have been sequenced establishing a cyanobacterial siphovirus genome database (Sullivan et al., 2009; Huang et al., 2012; Ponsero et al., 2013) .
When the genomes of phages A-HIS1 and A-HIS2 were compared with each other, a high degree of synteny was observed. Fortuitously, the genome of the host strain MBIC11017 was also sequenced, and on examination it does encode phage-related genes (Swingley et al., 2008) , notably a tail-related protein -a phage lysozyme and integrases which are commonly associated with temperate phages. However, none of these genes are related to genes in our lytic phages. Moreover, unlike the situation with some Synechococcus and Prochlorococcus phages, no photosynthesis-related genes were found in phages A-HIS1 and A-HIS2.
The area of phage taxonomy has aroused much discussion in recent years, and there is growing support for a comparative genomics led-approach to understand Caudovirales diversity (Nelson, 2004; Casjens, 2005) . However, the Acaryochloris phage genomes have a unique composition and organization compared with other known siphoviruses. Recent work has shown that siphoviruses do have a conserved genome architecture (Brüssow and Desiere, 2001; Seguritan et al., 2003) . However, these Acaryochloris phages do not conform to this idea. For example, a feature of the comparative genomics results presented by Brüssow and Desiere (2001) on the siphoviruses ψM2, HK97, Sfi21, λ, Sfi11, φC31, sk1, L5 and TM4 is that each siphovirus has a cluster of genes comprising most or all of the following genes: a large terminase, a small terminase, a portal protein, a protease and a major head protein. In particular, these genes occur very close or next to each other in more or less the same order. The equivalent genes in the Acaryochloris phages are spread out and interspersed by unknown genes. Moreover, in both Acaryochloris phages, the protease identified is a carboxypeptidase, and no portal proteins have been identified. A-HIS1 and A-HIS2 also contain the novel gene RNase T, which has not been found in other phages. In light of these observations A-HIS1 and A-HIS2 can be classically grouped with the Siphoviridae by morphology but form a unique subtype based on genomic data. Moreover, turning to the cyanobacterial siphovirus genomes specifically, genome comparison by TBLASTX analysis of the A-HIS1 and A-HIS2 genomes to the cyanobacterial siphoviruses S-CBS1, S-CBS2, S-CBS3, S-CBS4 and PSS2 indicated that the Acaryochloris phages are distinct from the other cyanobacterial siphoviruses as they have no genes in common. Compared with KBS2A, only A-HIS1 had two similar genes. These were KBS2A CPKG_00039 (minor head protein) and CPKG_00059 (hypothetical protein), which matched (e-value < 1e-03) A-HIS1 ORFs 55 (minor head protein) and 79 (tape measure protein).
In contrast, A-HIS1 and A-HIS2 have more in common with the myovirus S-TIM5 than they do with cyanobacterial siphoviruses as observed by the four shared ORFs, including the mitochondrial-like DNA polymerase they encode. This observation suggests that while more cyanobacterial siphovirus genomes may aid siphovirus classification, at the genomic level, the classification is not straightforward.
The Acaryochloris phages also uniquely encode a phage RNase T, which has been reported to have many functions, including playing a role in ribosomal RNA maturation (Li and Deutscher, 1995; Li et al., 1999) . It was first discovered in 1984 by Deutscher and colleagues, who showed that RNase T removes adenosine monophosphate (AMP) from the 3' CCA terminus of specific tRNAs in the tRNA end-turnover process (Deutscher et al., 1984; Deutscher and Marlor, 1985) . However, the physiological function of this process remains unknown. As observed by Deutscher (1973) , RNase T acts as a regulator of protein synthesis by controlling which tRNAs have their AMP cleaved, as suggested by a model proposed by Stent (1964) . Therefore, RNase T may specifically direct the production of proteins necessary for phage replication. However, RNase T may serve a more obvious purpose in that a pool of AMP would be released from idle tRNAs, hence triggering tRNA degradation essentially recycling the raw material of the host as needed for the phages. Alternatively, RNase T activity may be part of an anti-CRISPR activity. It is well known that (eukaryotic) viruses have evolved strategies to avoid host defence mechanisms that are based on RNA interference. The prokaryotic CRISPR-dependent antiviral activity depends on short RNA molecules (crRNAs) annealing to phage DNA or RNA fragments. During the maturation process of the crRNAs, various single-stranded RNA species are present, which may constitute possible substrates for the phage RNase T (Brouns et al., 2008) . However, this hypothesis lacks experimental evidence and hence requires further work. Noteworthy though is that after a number of weeks, phage-resistant A. marina MBIC11017 colonies readily appeared on confluently lysed plaque assay plates (Fig. 1E) . The spontaneous occurrence of resistant colonies has been reported for other marine cyanophage-host systems (Avrani et al., 2011) . Adsorption experiments indicated that the resistance is unlikely to be receptor-based, given that phages A-HIS1 and A-HIS2 were able to attach to clonal cultured resistant strains derived from infection with either phage (Fig. S2 ). This suggests that A. marina MBIC11017 may have evolved mechanisms to overcome the virulence of these lytic phages, perhaps by integrating further phage DNA fragments into their CRISPRs or using unknown mechanisms.
The A. marina MBIC11017 host genome lacks the RNase T gene, although this is not unsurprising given its absence in other cyanobacteria. On examination of the top BLASTP hits, the phage RNase T was found to be most similar to that of γ-Proteobacteria and with only a single α-Proteobacterial RNase T hit. The type of proteobacteria the Acaryochloris phage RNase T may have originated from remains inconclusive. While the current phylogenetic analysis may provide some insight, a more conclusive phylogeny could be obtained with more representatives of Acaryochloris phage RNase T-like sequences, preferably with a known origin. Other types of ribonucleases have also been unearthed in phages, including RNase H, found in a number of phages, including T4 and S-PM2, which remove the RNA primers within Okazaki fragments (Hollingsworth and Nossal, 1991) and RNase II found in lactococcal phage Q54 (Fortier et al., 2006) .
Considering the genomes of A-HIS1 and A-HIS2 are the first phages that infect Acaryochloris to be sequenced, it is not surprising that only 24% (A-HIS1) and 22% (A-HIS2) of the predicted ORFs could be assigned putative function. Indeed, the ability to assign function to predicted ORFs in A-HIS1 and A-HIS2 solely by database searches is limited by the genomic data currently available, which is commonly encountered in other phage genome studies.
Our study further highlights the need for the isolation and characterization of phage infecting novel host organisms inhabiting unusual habitats. In particular, genomic analysis of our A. marina MBIC11017 phage isolates revealed many interesting features, including an intriguing evolutionary history. Specifically, these phages appear to provide evidence of a direct link among bacteriophages, mitochondria, proteobacteria and cyanobacteria.
Experimental procedures
Growth of bacterial host
Acaryochloris marina strain MBIC11017 was maintained in artificial sea water (ASW) for all experiments (Wyman et al., 1985; Clokie and Kropinski, 2009 ). Cells were grown in 1 l polycarbonate NALGENE® 4105 Fernbach culture flasks with aeration, stirring and under 30-50 μmol photons m −2 s −1 of continuous white fluorescent light (Osram, L65/80W/23) at 28°C. Acaryochloris marina MBIC11017 biofilms were prepared by pouring 30 ml of exponential phase culture into Petri dishes containing autoclaved circular glass coverslips and grown at room temperature under ambient light (10 μmol photons m −2 s −1 ). After 3 days, the biofilms were transferred to Petri dishes containing freshly autoclaved ASW using sterile tweezers and left to grow.
Phage isolation
Seawater samples were collected from Heron Island, Great Barrier Reef, Australia (23°25.800′ S and 51°55.605′ E) as described previously (Chan et al., 2011) . Both bacteriophages were found in one unfiltered sample that was procured by incubating an Acaryochloris-associated ascidian (Lissoclinum patella) in SM (100 mM NaCl, 8 mM MgSO4• 7H2O, 50 mM Tris-Cl (1 M, pH 7.5)) buffer. All seawater samples were stored in 50 ml falcon tubes, wrapped in aluminium foil and stored at 4°C before transportation.
Plaque assays were performed by adapting the method of isolating phages described for Synechococcus sp. WH7803, and all DIFCO Bacto Agar was cleaned as detailed in (Clokie and Kropinski, 2009; Millard, 2009) . In short, A. marina MBIC11017 cells were grown to exponential phase from an initial optical density (OD) of 0.01-0.05 and harvested for plaque assays at an OD between 0.4 and 0.5. Typically, 1 l of cells was centrifuged, and the pellet was re-suspended in 20 ml ASW to allow for 0.5 ml of concentrated cells per plaque assay. Each 0.5 ml of cells was incubated for 1 h with 50 μl of seawater sample, mixed with 2.5 ml of 0.4% (w/v) agar and then plated onto 1% (w/v) agar plates. A negative control was performed by adding 50 μl of ASW instead of a seawater sample. Plaque assays were incubated at 23°C under 10-15 μmol photons m −2 s −1 continuous white light illumination.
Once clear plaques had appeared, plugs were removed from the Petri dish using a sterile Pasteur pipette. Each plaque plug was transferred to 1 ml ASW. Phage isolates were then made clonal by three rounds of purification using plaque assays from single plaques. ASW lysates of clonal phages were stored at 4°C in the dark after bacterial debris was removed by centrifugation.
Isolation of phage resistant Acaryochloris
Spontaneous colonies that appeared on confluent plaque assays 1-2 months after infection were isolated and made clonal by repeated plating and culturing in ASW. All incubations were performed at 23°C under continuous white light illumination (10-20 μmol photons m −2 s −1 ).
One-step growth curves
Before beginning the one-step growth experiment, phage lysates were titred using plaque assays. Of A. marina MBIC11017 cells, 1.25 l was grown to an OD (800 nm) between 0.4 and 0.5, and 150 ml of cells were transferred to a 500 ml conical flask per replicate and inoculated with phage to an MOI of 0.1.
Immediately after inoculation, two 0.5 ml samples were removed from each replicate. One sample was centrifuged at 13 000 g for 5 min at 4°C in the dark, after which the supernatant was transferred into another tube to be later used to assess free phage. The other 0.5 ml sample was incubated with four drops of chloroform to be later used to assess total phage. The cultures were then incubated at 28°C and shaken at 70 r.p.m. under continuous white light illumination (30 μmol photons m −2 s −1 ) for 5 min to allow for phage adsorption.
In order to synchronize phage infection, infected cultures were subjected to centrifugation at 6693 g for 15 min at 28°C. Of each supernatant, 0.5 ml was kept to assess the number of unadsorbed free phage. Following this, the pellets of infected cells were re-suspended in 150 ml fresh ASW warmed to 28°C. Two 0.5 ml samples were then removed and processed as above every 2 h from inoculation (time zero). All phage samples were stored at 4°C in the dark.
Phages were counted by preparing dilution series for each sample collected during the time-course, and two appropriate dilutions were assessed per time point by plaque assay. To visualize the data, plaque forming units per infected cell (log scale) was plotted against time. The data presented are the average of three experimental replicates.
Adsorption assays
Exponentially growing axenic Acaryochloris MBIC11017 and phage-resistant strains A-HIS1R1 and A-HIS2R1 (OD800 between 0.4 and 0.5) were infected with phage A-HIS1 or A-HIS2 at an MOI = 1 in sterile conical flasks and shaken at 70 r.p.m. Samples were collected once an hour for 4 h, with the first sample immediately after phage inoculation. At each time point, 0.5 ml of cells were centrifuged, and the supernatant was transferred to a new tube and stored at 4°C
. The number of free phages in each sample was then counted by the plaque assay method as described in the phage isolation section using appropriate serial dilutions of the samples.
Transmission electron microscopy
Phages A-HIS1 and A-HIS2 were concentrated from lysates by precipitation with 2% NaCl (Fisher Scientific) and 10% polyethyleneglycol (PEG)-6000 (BDH) overnight at 4°C in the dark followed by centrifugation at 11 000 g for 10 min. Phage pellets were re-suspended in 2-3 ml ASW, and an equal volume of chloroform was added to remove the PEG. The sample was then shaken and centrifuged in a Hettich Rotina 46R centrifuge at 4754 g for 15 min at 4°C. The aqueous layer was removed from the chloroform layer and added to aqueous caesium chloride (CsCl, Fisher Scientific) to a final concentration of 0.75 g ml −1 . The solutions were then transferred to Beckman Ultra-Clear™ centrifuge tubes (14 × 95 mm) and subjected to ultracentrifugation at ∼ 155 000 g in a SW40Ti rotor for 18 h at 4°C in an Optima L-80 XP centrifuge. Bands were removed using a syringe, and the concentrated phages were dialysed in dialysis tubing (size 3/MWCO 12-14 000 Da) for 1 h against 1 l ASW twice to remove the CsCl. Phage samples were negatively stained with a 1% uranyl acetate solution on glow-discharged (Emitech K100X Glow Discharger, EM Technologies) carbon film copper mesh grids (Agar Scientific). Phages were imaged using a JEOL 1200EX TEM. Images were processed using DigitalMicrograph™ (Gatan) and IMAGEJ.
Genome sequencing, annotation and characterization
DNA was extracted from CsCl-purified phages and stored in 70% (v/v) ethanol (Wilson et al., 1993) . The genomes of A-HIS1 and A-HIS2 were sequenced as described in (Chan et al., 2011) . A-HIS1 and A-HIS2 sequence data have been submitted to the EMBL database under accession numbers FN436268 and FN436269 respectively. The genomes were annotated using Artemis (Rutherford et al., 2000) . ORFs were predicted using both GeneMark.hmm 2.0 (Besemer and Borodovsky, 1999) and GLIMMER 3.02 (NCBI) (Salzberg et al., 1998) . To create the final set of predicted ORFs for each genome, the two sets of predicted ORFs from GENEMARK and GLIMMER were first combined, then for ORFs predicted by both programmes where there was almost complete overlap the longest ORF prediction was kept. NCBI BLASTP and psi-BLAST were used to assign putative function to the predicted ORFs. A comparative genome plot was generated using GENOPLOTR and a customized script. Comparison files were generated using standalone BLAST analysis, specifically TBLASTX, and compared using ACT (Artemis Comparison Tool) (Carver et al., 2005) . Gene similarity was assessed between the phage genomes by standalone BLASTP analysis using default parameters of each set of phage genes (amino acid sequences) first as query against the other, then as the subject (i.e. database) for the other. Matches with e-values > 1e-03 were removed. Shared gene pairs were the top hits in both BLASTP searches that could mutually identify one another. Similar gene pairs were those that could also mutually identify one another, but were not top hits in the BLASTP searches. Gene comparison was performed by comparing the percent identity matrix (PIM) values calculated from alignments in CLUSTALX 1.83. All PIM percentages were calculated with default parameters [gap opening : extension, 10:0.1 (pairwise) and 10:0.2 (multiple)]. Motifs and genetic regulatory elements were detected using tRNAscan-SE 1.21 (tRNAs) (Lowe and Eddy, 1997) , PHIRE (Lavigne et al., 2004) , ELPH (Gibbs sampler) (Pertea et al., 2007) and a custom Perl script for handling ELPH output files. The Acaryochloris genome chromosome and the two plasmids were submitted to CRISPRFinder to identify CRISPRs and accompanying spacers (Grissa et al., 2007b) . The spacers were subjected to BLAST analysis against the phage genomes using standalone BLASTN with gap penalty settings: existence = 1 and extension = 2.
Proteomics
Phages were purified and concentrated as for TEM. After dialysis to remove the CsCl, the phage were re-suspended in 200 μl 10 M LiCl and heated at 46°C for 20 min to make phage ghosts. Samples were then diluted 10-fold in 50 mM Tris/HCl, 100 mM NaCl and 5 mM MgCl2 (pH 8), and treated with 40 units DNase (Ambion) for 2 h at 37°C. Protein concentration was assessed with the BCA Protein Assay Kit (Sigma). Samples were subsequently concentrated further at 100 000 g for 30 min at 4°C and re-suspended in 10 mM HEPES pH 7.4 (Konopa and Taylor, 1979; Clokie et al., 2008) . SDS-PAGE protein samples were prepared as described previously (Chan et al., 2007) . Protein samples were resolved on a 15% SDS-PAGE gel. Molecular weight was assessed using Fermentas PageRuler™ Prestained Protein Ladder Plus. Proteins were sequenced by MALDI-ToF and LC-MS//MS, and protein bands were identified by comparing the sequence data to predicted protein sequences from the genome sequences.
Supporting information
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Fig. S1 . One-step growth analysis. One-step growth experiments (MOI = 0.1) of phages (A) A-HIS1 and (B) A-HIS2 on A. marina MBIC11017. From time zero, the eclipse/latent period ends at i/ii where the total/free phage reaches one phage per infected cell respectively. Y-axis is on a log scale and n = 3. Fig. S2 . Phage adsorption to Acaryochloris strains. Percentage of free unadsorbed phages as determined by plaque assay. Acaryochloris strains (A) MBIC11017 (wild-type parent strain), (B) A-HIS1R1 (spontaneous strain from A-HIS1 infection) and (C) A-HIS2R1 (spontaneous strain from A-HIS2 infection) were inoculated at MOI = 1 (n = 3). Dotted lines join zero time-point (known titre value before experiment) to the first time-point at 5 min. Subsequent experimental time points are joined with solid lines. Fig. S3 . Phylogenetic network of DEDD family proteins. E, environmental (CAMERA), P, proteobacteria, A, Alphaproteobacteria, and Z indicates they are based on the sequences that were used in the alignment by Zuo and Deutscher (2001) , which include sequences representing DNA exonucleases, DNA polymerase III, RNase T, oligoribonucleases, Pan2 proteins, DAN nucleases, RNase D and others (see Appendix S1 for sequence details and methods). In particular, Z4, Z16-Z20 and P00-P15 (except for P04) are RNase T sequences. Scale bar: substitutions per site. Fig. S4 . Conserved sequence elements possibly associated with A-HIS2 transcription and virion replication. Alignment of consensus sequences detected in the A-HIS2 genome by PHIRE, which occurred upstream of putative predicted ORFs (ORF numbers are shown on the left). The alignment was performed in CLUSTALX using default settings. The first adenosine (A) at the right end of each sequence is the start codon of the respective downstream ORF. Table S1 . ORFs identified by mass spectrometry. Table S2 . Alignment of CRISPR-spacer-associated sequences identified by standalone BLASTN. The same results were obtained from BLAST analyses using spacers 4 and 5 and so are also included in the alignment. Appendix S1. Methods, sequence details and alignment used in the RNase T phylogenetic analysis.
